While studies among adults implicate the amygdala and interconnecting brain regions in encoding emotional stimuli, few studies have examined whether developmental changes occur within this emotional-memory network during adolescence. The present study examined whether adolescents and adults differentially engaged the amygdala and hippocampus during successful encoding of emotional pictures, with either positive or negative valence. Eighteen adults and twelve adolescents underwent event-related fMRI while encoding emotional pictures. Approximately 30 min later, outside the scanner, subjects were asked to recall the pictures seen during the scan. Age group differences in brain activity in the amygdala and hippocampus during encoding of the pictures that were later successfully and unsuccessfully recalled were separately compared for the positive and negative pictures. Adolescents, relative to adults, demonstrated enhanced activity in the right amygdala during encoding of positive pictures that were later recalled compared to not recalled. There were no age group differences in amygdala or hippocampal activity during successful encoding of negative pictures. The findings of preferential activity within the adolescent right amygdala during successful encoding of positive pictures may have implications for the increased reward and novelty seeking behavior, as well as elevated rates of psychopathology, observed during this distinct developmental period.
Introduction
Animal and adult human data indicate that the amygdala plays a critical role in the formation of implicit and explicit emotional memories. In adult humans, implicit memory studies using fear conditioning paradigms report increased amygdala activity during fear acquisition even when the stimuli are presented outside of awareness (Büchel et al., 1998; Davis and Whalen, 2001; Maren, 2001) . Studies of explicit memory show enhanced amygdala activity during successful encoding of highly arousing stimuli, such as negative pictures (Dolcos et al., 2004; Hamann et al., 1999; Kensinger and Schacter, 2006) , words (Kensinger and Schacter, 2006; Strange and Dolan, 2004) , film clips Kilpatrick and Cahill, 2003) and scenes (Canli et al., 2000) . Enhanced amygdala activity is also present during encoding of positive stimuli, thereby delineating a broader role for this region in encoding arousing stimuli (Hamann et al., 1999; Kensinger and Schacter, 2006) .
The amygdala modulates explicit long term memory for emotionally arousing material primarily through its interactions with other brain structures, notably the hippocampus (Cahill et al., 1995 Cahill and McGaugh, 1998; Hamann et al., 1999; McGaugh, 1992 McGaugh, , 2004 Packard and Teather, 1998; Phelps, 2004; Richardson et al., 2004) . Animal data reveal strong reciprocal connections between the amygdala and hippocampus (e.g., McGaugh, 2000; McGaugh et al., 1996 McGaugh et al., , 2002 Pikkarainen et al., 1999; Pitkänen et al., 2000) that enable the amygdala to strengthen synapses within the hippocampus to facilitate learning (Akirav and Richter-Levin, 1999) . Human studies data also suggest that coupled activation of the amygdala and hippocampus is necessary for successful encoding of emotional stimuli (Hamann et al., 1999; Kensinger et al., 2002; Richardson et al., 2004) .
The emotion processing literature indicates that the adult amygdala responds to a wide variety of positive and negative stimuli (see reviews by Phan et al., 2002 and Sergerie et al., 2008) , whereas studies of amygdala responses in youth have predominantly focused on examining responses to faces with different emotional valences (e.g., Baird et al., 1999) . Responses to facial expressions may vary across childhood due to changes in brain structure and function. Adolescence in particular is characterized by significant brain reorganization, heightened emotionality, reward seeking, and risk taking, as well as a dramatic increase in rates of psychiatric disorders such as depression, anxiety, and substance abuse (Angold et al., 1998; Ernst and Fudge, 2009; Lewinsohn et al., 1993) . These changes may contribute to distinct responses to emotional stimuli. Several neurobiological models of adolescent brain development have been proposed to explain the metamorphosis that occurs during this period. The primary hypothesis across these models is that adolescence is characterized by an imbalance between regulatory systems involving the prefrontal cortex and emotional systems involving subcortical structures such as the amygdala (Casey et al., 2010; Ernst et al., 2005b; Ernst and Fudge, 2009) . Such an imbalance is speculated to arise from slower maturation of the prefrontal cortex relative to subcortical structures resulting in less control over emotional behavior, and may give rise to distinct responses to affective stimuli, such as enhanced sensitivity to reward.
In humans, amygdala responses to fearful stimuli change from childhood to adulthood. For example, adolescents exhibit stronger amygdala responses to fearful faces and weaker functional connectivity between the amygdala and hippocampus compared to adults (Guyer et al., 2008; McClure et al., 2004; Monk et al., 2003) . Another study showed enhanced amygdala responses to fearful faces in adults and neutral faces in adolescents, which may have been perceived as ambiguous (Thomas et al., 2001) . Differential lateralization of amygdala responses to fearful faces is also present, with bilateral activity present in children and adults but only right-sided activity in adolescents (Killgore and Yurgelun-Todd, 2004) . There are no developmental differences in the response to happy faces (Guyer et al., 2008; Monk et al., 2003) . However, more research is needed in this area as amygdala responses may vary for different types of stimuli as well as cognitive processes.
Only one study has examined developmental differences in the neural circuits mediating successful memory for emotional stimuli . This study used fMRI and a subsequent memory paradigm that presented facial expressions with different emotions during encoding and then administered a postscan recognition task 20-40 min later. The fMRI data were subsequently sorted according to whether pictures were correctly recalled (successful encoding) or not recalled. Results showed age group differences in neural activity during encoding depending on the face emotion type; none of these group differences arose in the amygdala, however.
Similar to Nelson et al. (2003) , the current study also uses fMRI and a subsequent memory paradigm but with some differences in the methods. The stimuli are non-facial pictures, instead of facial expressions, with positive and negative valence, and the postscan memory test is a recall as opposed to recognition task. Adolescent data on the neural responses to non-facial emotive stimuli are sparse but much needed, as pictures represent events and stimuli that individuals encounter on a daily basis. Moreover, neural responses to evocative faces and pictures may vary across development. The study also used a recall task since it would be more likely to ensure stronger representations of the successfully encoded pictures. Finally, the study focused on examining encoding differences in the amygdala and hippocampus because of their coordinated role in the encoding of emotional stimuli. The findings from this study are important for understanding the cognitive and neural factors that contribute to emotional memory across development, and for pursuing studies of dysfunctional emotional memory circuitry in psychiatric disorders.
Our hypotheses regarding age group differences in encoding of the emotional pictures diverged based on data from the emotion processing literature. For the negative pictures, we expected that adolescents, relative to adults, would exhibit greater amygdala and hippocampal activity during successful encoding based on preliminary data indicating stronger amygdala responses to fearful stimuli in adolescents relative to adults (Guyer et al., 2008; Killgore and Yurgelun-Todd, 2004; Monk et al., 2003) . During encoding of successfully recalled positive pictures, no age group differences in amygdala-hippocampal responses were expected given the absence of this finding in previous studies.
Methods

Subjects
Thirty-three subjects (19 adults and 14 adolescents) were enrolled in the study. Subjects were recruited from the Washington, D.C. area through flyers and other advertisements seeking healthy volunteers. Exclusion criteria were assessed during in-person, face-to-face structured interviews performed by experienced clinicians. These were performed prior to enrollment and screened for the presence of psychiatric and medical illness, substance abuse, head trauma, and neurological disorders. Written consent was obtained from all participants. For subjects younger than 18 years, written consent was obtained from the parent or guardian. As part of the consent process, parents were allowed to inspect all material used in this study to ensure that it was considered tolerable for their adolescents. Subjects were financially compensated for their participation following the National Institutes of Health (NIH) guidelines. All experimental protocols were approved by the institutional review board at the NIMH.
Only subjects without any psychopathology were included in the study. All subjects were screened for psychopathology, using the Kiddie-Schedule for Affective Disorders and Schizophrenia (K-SADS; Kaufman et al., 2000) for adolescents and the Structured Clinical Interview for DSM Disorders (SCID; Spitzer et al., 1992) for adults. All subjects had an IQ greater than 85, as determined by the Wechsler Abbreviated Scale of Intelligence (WASI; Psychological Corporation, 1999) .
Three subjects were excluded from the imaging analyses. One adolescent subject did not recall any pictures (positive or negative) in the memory task and two additional subjects (1 adult and 1 adolescent) exhibited excessive motion in the scanner. As these were the only exclusions that applied to imaging analyses, the final sample for fMRI data consisted of 30 subjects, 18 adults [mean age = 30. Additionally, certain subjects were excluded from select analyses of the behavioral but not imaging data. One adolescent did not recall any positive pictures. This subject was excluded only from the analyses of recall data for the positive pictures, resulting in a sample size of 18 adults and 11 adolescents for this data category. Since this subject still contributed to memory recall data for negative pictures, the sample size for analyses of the recalled negative pictures remained 18 adults and 12 adolescents. For two adults and one adolescent, subjective valence and arousal ratings were not recorded during scanning due to technical malfunction; these subjects were excluded only from analyses of the subjective emotional ratings, but not the fMRI and memory recall analyses. Thus for subjective rating analyses alone, the final sample consisted of 16 adults and 11 adolescents.
Emotional memory task
The task included a total of 160 stimulus trials that were divided into four 4.5 min runs with 32 pictures (positive, negative and neutral valence) and eight baseline fixation cross trials presented in each run; 10 to 11 pictures within each emotion category were presented in each run. The 32 pictures for each subject were randomly selected from a larger bank of 98 pictures. The stimuli were color photographs taken from the International Affective Picture System (IAPS; Lang et al., 1997) , an established stimulus set with normative data on arousal and valence ratings (Bradley et al., 1992; Greenwald et al., 1989) . The pictures were the size of the entire field of view for the Avotec Vision Goggles in the fMRI scanner. Selection of the emotional and neutral pictures was based on McManis et al. (2001) . Sample pictures in the emotional and neutral categories were as follows: positive (attractive animals, food), negative (scary animals, weapons), neutral (household objects, appliances). Appendix A lists the specific IAPS picture numbers that were included in the task.
We considered various techniques for constraining attention during encoding based on prior research using the subsequent memory paradigm in children and adolescents (e.g., Nelson et al., 2003; Pine et al., 2004; Roberson-Nay et al., 2006) . This prior work suggested that the advantages of having subjects rate each stimulus on different features at each viewing outweighed the disadvantages of not knowing precisely when each recalled stimulus was encoded (see discussion in Roberson-Nay et al., 2006) . With this paradigm, subjects viewed each of the 32 pictures a total of four times, once in each of the four runs. Each picture was viewed under a different viewing instruction: 1) passive viewing of the picture, 2) rate the valence ("How good or bad does the picture make you feel?"), 3) rate the arousal ("How calm or excited does the picture make you feel?"), 4) rate the greenness level ("How much green is in the picture?"). This type of design directed subjects' attention to different aspects of the pictures across the different viewing conditions, thereby facilitating encoding success by reducing boredom associated with repeated viewing of the same pictures and maximizing memory recall. Subjects made their ratings using the Self Assessment Manikin (SAM), an established rating scale for assessing valence and arousal (Lang, 1980) . The SAM displays a row of five manikins with increasing expressions of pleasure (1 = very bad, 5 = very good) or arousal (1 = very calm, 5 = very excited). The scale was modified to measure increasing amounts of green (1 = no green to 5 = very much green). Ratings were made using a five-key response box.
The order of viewing conditions and the presentation of the 32 emotional and neutral pictures were randomized in each run for each subject. Additionally, 8 fixation trials of the same duration as memory-encoding trials were randomly interspersed in each run. This design, whereby fixation events appear randomly embedded within a task, has been used frequently in other studies of development (Simmonds et al., 2007; Suskauer et al., 2008a,b) , including studies using the subsequent-memory paradigm (Guyer et al., 2008; Nelson et al., 2003) . This design ensures that picture viewing occurs at a randomly varying time points across the dynamic range of hemodynamic response functions (HRF). This design feature enables successful deconvolution of the overlapping HRFs during the encoding phase for distinct classes of picture events (e.g., successfully or unsuccessfully remembered pictures of one or another valence). This design has come to be known as the "rapid event-related design," as originally developed by Friston et al. (1999) .
Trials were presented in attention blocks. Each attention block started with the presentation of a rating instruction screen for 3 s followed by 5 trials. Four of the five trials in each block were picture trials (one from each emotion cat- Fig. 1 . fMRI task design and stimuli. One of the four rating conditions listed to the right was presented on the instruction screen (3 s) after which 5 trials that consisted of either picture trials or a fixation cross were presented (3 s each). Each picture was followed by a fixation cross (3 s) at which time the subject made his or her rating. egory and one randomly selected) and one was a fixation cross or null event. Each trial consisted of a 3 s display of an image followed by a 3 s fixation cross. While viewing the picture, subjects were required to think about their rating and told to perform their rating during the fixation cross that followed each picture. The same instruction screen was presented twice consecutively and each time was followed by five trials. A different instruction screen would then appear and was presented for two consecutive blocks of five trials. This pattern was repeated until 40 stimuli in each run were presented (see Fig. 1 ).
Approximately 20-40 min after the fMRI task, subjects were administered a surprise free recall task outside the scanner. Subjects were not told there would be a memory task after the scan in order to minimize the possibility that each subject might adopt different mnemonic strategies during the task. The reliance on implicit rather than explicit encoding strategies also created a situation more similar to the encoding of affective stimuli in everyday life. During the delay period between the functional scan and the surprise memory test, subjects received a structural brain scan and completed research questionnaires pertaining to the current as well as other studies within the lab. Procedures during the delay period were standardized across all subjects in order to minimize delay variability. When the research questionnaires were completed, subjects were spontaneously told that within the next few seconds, they would be asked to verbally recall as many pictures as possible that were seen in the scanner. Subject responses during the free recall task were hand recorded by the experimenter. Subjects were given 90 s for the recall task but most subjects stopped generating items before the procedure was over. This free recall procedure was based on the findings of Pine et al. (2002) , which showed developmental differences in memory using a timed recall task and fMRI.
The memory recall data were used to segregate fMRI scanning data according to whether stimuli viewed in each emotion category were correctly recalled or not recalled. This analytic strategy allowed us to identify brain regions that were more active when viewing the most salient stimuli. Accordingly, six regressors were modeled that reflected brain activity during scanning according to recall status: recalled positive pictures, not recalled positive pictures, recalled negative pictures, not recalled negative pictures, recalled neutral pictures, and not recalled neutral pictures.
As noted above, the current task design was adapted from subsequent memory paradigms used in prior behavioral and fMRI studies that have reported age-related differences in memory for emotional faces in healthy and clinically depressed adolescents Pine et al., 2004; Roberson-Nay et al., 2006) . Adult studies have also used similar paradigms to examine encoding processes for words (Alkire et al., 1998; Buckner et al., 2001; Wagner et al., 1998) as well as emotional and non-emotional scenes (Brewer et al., 1998; Canli et al., 2000) .
Image acquisition
Functional magnetic resonance images were acquired on a General Electric Signa 3Tesla magnet at NIMH. Head movement was restricted by the use of foam padding, and subjects viewed visual images through Avotec Silent Vision Glasses (Stuart, FL) located directly above their eyes.
Gradient echo planar images (EPI) were acquired using echoplanar single shot gradient echo T2* weighting after sagittal localization and a manual shim procedure. EPI images were acquired contiguously in twentythree 5 mm axial slices per brain volume, positioned parallel to the AC-PC line with the following scan parameters: matrix = 64 mm × 64 mm; TR = 2000 ms; TE = 40 ms; FOV (field of view) = 240 mm; voxels were 3.75 mm × 3.75 mm × 5 mm. After EPI images were acquired, a high resolution T1 weighted anatomical image was acquired to facilitate spatial normalization. Scan parameters for the anatomic scan were: 180 one mm sagittal slices; FOV = 256; NEX = 1; TR = 11.4 ms; TE = 4.4 ms; matrix = 256 × 256; TI = 300 ms; bandwidth = 130 Hz/pixel; 33 kHz/256 pixels.
Data analysis 2.4.1. Behavioral data
The picture recall data and the subjective rating (valence, arousal) data were examined with repeated measures ANOVA. To examine age-related differences in the picture recall data, a 2 (age group: adolescents, adults) × 3 (picture valence: negative, positive, neutral) ANOVA was performed. Since the number of pictures for each picture valence was either 10 or 11, the proportion of recalled stimuli for each picture valence was calculated and entered into the ANOVA. Age group differences in the subjective valence and arousal ratings were each analyzed separately using a 2 (age group) × 3 (picture valence) × 2 (recall status: recalled, not recalled) ANOVA. Significant main effects and interactions were followed up with paired t-tests. Cohen's d values were calculated to determine the effect size of the comparisons.
Neuroimaging data
Functional MRI preprocessing and data analysis were carried out with SPM5 (Wellcome Department of Imaging Neuroscience, 2005) . Functional data were corrected for slice timing, motion corrected by realignment to the first volume for each subject, and coregistered with the anatomical data. Subjects with greater than 3 mm of motion in any direction were excluded. Normalization was performed through the unified segmentation routine in SPM5 (Ashburner and Friston, 2005) using the subject's anatomical image, after which the segmentation parameters were applied to the EPI images. This step was followed by smoothing the images with an 8-mm FWHM Gaussian kernel.
At the individual subject level, event-related response amplitudes were estimated using the General Linear Model (GLM) for four regressors of interest: 1) recalled positive pictures, 2) not recalled positive pictures, 3) recalled negative pictures, and 4) not recalled negative pictures. The neutral pictures were modeled as a single regressor of no interest because five subjects (3 adults, 2 adolescents) recalled no neutral pictures, which compromised power to study memory for the neutral pictures. Since the focus of this study was memory and not attention, the four regressors of interest as well as the neutral regressor were created by collapsing events for each regressor across the four different viewing conditions. Two additional regressors of no interest were modeled, the instruction screens and the button press during the behavioral response. The fMRI response to each event type was modeled as a rectangular pulse (of 3 s duration) convolved with the hemodynamic response function.
Since we entered the study with a priori hypotheses regarding the amygdala and hippocampus, we conducted a region of interest (ROI) analysis using the MarsBar ROI toolbox for SPM (http://marsbar.sourceforge.net). MarsBar was used to the extract mean contrast value (i.e., the mean difference in beta values) across all voxels within a particular ROI. Brain activity during encoding was examined within four ROIs: the right and left amygdalae, and the right and left hippocampi. These regions were defined using standard anatomical criteria on a single MNI template and applied to normalized brains at the group level Szeszko et al., 1999 Szeszko et al., , 2002 . Given prior data on laterality of amygdala functions, we examined age group differences separately in the right and left amygdala and hippocampus. For each subject, response was contrasted between viewing of recalled pictures and baseline fixation trials, and between viewing of not recalled stimuli and baseline fixation trials, within each ROI. These contrasts were performed for the positive and negative pictures separately. Mean contrast values were entered into SPSS and subjected to repeated measures analysis of variance (ANOVA).
Based on our valence-specific hypotheses, age group differences in brain activity during encoding of the positive and negative pictures were examined separately rather than comparing encoding of the negative versus positive pictures to each other. For each picture valence, we performed a 2 (age group) × 2 (recall, not recall) repeated measures ANOVA on the mean contrast values for each of the four ROIs. As such, we performed a total of 8 ANOVAs, four examining age group differences in ROI activity during successful encoding of negative stimuli and the other four examining age group differences in ROI activity during successful encoding of the positive stimuli. These ANOVAs allowed us to identify the brain regions in which age group differences in activity for recalled and not recalled stimuli were present for each valence category.
Due to the relatively low number of recalled pictures, our primary analyses used a threshold of two or more pictures recalled in each valence category (positive recalled pictures: 14 adults, 11 adolescents; negative pictures: 16 adults, 12 adolescents). If group differences in ROI activity were present for either the positive or negative recalled pictures, we repeated our analyses using more stringent recall criteria, i.e., a cutoff of three or more recalled stimuli (positive: 10 adults, 9 adolescents; negative: 15 adults, 11 adolescents), and report those data after reporting the results of the primary analyses.
According to our hypotheses, we expected a significant group × recall interaction for the mean contrast values in each of the four ROIs during encoding of the negative stimuli; this interaction would result from adolescents demonstrating greater mean contrast values during successful encoding of negative pictures compared to adults in each of the ROIs. For the positive pictures, no group × recall status interactions were expected in any of the ROIs. Consistent with our age group predictions, significant interactions in any ROI were probed with independent ttests comparing between-group differences in the mean contrast values for recalled and not recalled stimuli separately for the positive and negative pictures. If a significant interaction could not be accounted for by any age group differences, no further t-tests were performed. Cohen's d was calculated to determine the effect size of the comparisons.
As a secondary analysis, we examined whether subjective arousal for the positive and negative pictures correlated with amygdala activity. These analyses may provide preliminary insights on brain behavior relationships pertaining to responses to emotionally evocative pictures.
For all analyses, an alpha level of 0.05 was considered statistically significant. It is important to note that the mean contrast values, which represent the average BOLD signal across each ROI, were employed in these analyses. As a result, these analyses are not based on multi-voxel tests. A Bonferroni correction was not applied to the ANOVAs due to the exploratory nature of the study.
Results
Behavioral data
Memory recall performance
The recall data are presented in Fig. 2 . A 2 (age group) × 2 (picture valence) ANOVA was performed to examine group differences in the proportion of recalled pic- These data indicate that any potential developmental differences in the fMRI data were not the result of differences in behavioral performance.
Subjective emotional ratings
The mean subjective valence and arousal ratings of the pictures made during encoding are presented in Table 1 . A 2 (age group) × 2 (picture valence) × 2 (recall status) ANOVA on the subjective valence ratings indicated no main effects or interactions involving the age group or recall status factors. There was a main effect of picture valence [F(2,36) = 90.71, p < 0.001] indicating that subjects provided higher subjective valence ratings for positive than negative [t (26) 
Neuroimaging data
A total of eight 2 (age group) × 2 (recall, not recall) repeated measure ANOVAs were performed, four examining group × recall status interactions for the negative stimuli in each of the four ROIs and the other four examining group × recall status interactions for the positive pictures in each ROI. Table 2 presents the results of the follow-up independent t-tests comparing the mean contrast values for the recalled positive stimuli for adolescents and adults. Results showed that the mean contrast value for positive recalled stimuli was significantly greater in adolescents compared to adults in the right amygdala [t(23) = 2.36, p = 0.027, d = 0.98]. In the left amygdala, right hippocampus, and left hippocampus, there were no significant differences in the mean contrast value for recalled positive stimuli between adolescents and adults, although the mean contrast values were higher for recalled positive stimuli than not recalled positive stimuli in each of these regions. These findings contradict our initial hypotheses. Whereas we originally predicted no age group differences in brain activity during successful encoding of positive stimuli, our findings indicate that adolescents demonstrate enhanced activity, relative to adults, within the right amygdala during successful encoding of positive stimuli.
Significant age group × recall interactions for the positive pictures were also present in the right amygdala [F(1, Table 2 Significant results from the independent t-tests comparing age group differences in ROI activity during encoding of successfully recalled positive pictures. 17) = 7.95, p = 0.012] when the 3+ recall cutoff criteria were applied. Follow-up independent t-tests for the 3+ cutoff values revealed the same findings as for the primary analyses, i.e., adolescents exhibited greater mean contrast values compared to adults during encoding of the recalled positive stimuli in the right amygdala [t(17) = 2.30, p = 0.034, d = 1.07].
Secondary analyses
Bivariate correlations were performed to examine whether subjective arousal ratings correlated with amygdala activity for each picture type. For this analysis, amygdala activity was calculated as the average contrast value within the region across the four viewing conditions. Significant positive correlations were observed in the left amygdala for the negative stimuli, i.e., greater subjective arousal for all negative pictures was associated with greater amygdala activity in the left amygdala in adults (r = 0.62; p = 0.04,) and adolescents (r = 0 .75; p = 0 .02). Adolescents also showed a positive correlation between subjective arousal for recalled negative pictures and left amygdala activity (r = 0.68, p = 0.04). Significant correlations were not present for the positive pictures.
Discussion
This is the first study to report enhanced right amygdala activity in adolescents during successful encoding of positively valenced pictures compared to adults. Conversely, no group differences in brain activity emerged during successful encoding of negative pictures. These data indicate that one possible change in the transition from adolescence to adulthood involves valence-specific changes in encoding activity within the right amygdala. Only one previous study has compared age group differences in implicit encoding of recalled stimuli between adolescents and adults ; findings showed several valence-specific age group differences in brain regions mediating encoding, but none involving the amygdala. Methodological differences may contribute to the discrepant findings between Nelson et al. (2003) and our study, such as stimulus salience (color vs. black and white photographs) and memory retrieval methods (recall vs. recognition).
Several mechanisms may account for the adolescents' enhanced right amygdala activity during encoding of positive pictures. Positive pictures may elicit relatively greater arousal in adolescents versus adults, which can affect various stages of memory formation Sharot and Phelps, 2004) . Enhanced arousal can lead to more focused attention on the arousing aspects of the stimulus (Easterbrook, 1959; Lockhart, 2002) and more efficient stimulus processing (Hansen and Hansen, 1988) . Both processes are influenced by ongoing retrieval processes that facilitate greater elaboration and encoding of the positive stimuli (Ochsner, 2000) . Although not significant, the enhanced bilateral hippocampal activity in adolescents may reflect such elaborate encoding processes, and could reach significance with more power. This enhanced arousal hypothesis, however, is unsupported by our behavioral data since the age group × picture valence interactions for the subjective arousal ratings were not significant. Furthermore, we were unable to precisely correlate subjective arousal with amygdala activity since arousal could have occurred during any one of the four picture viewings and not necessarily when arousal was subjectively measured. Finally, underdevelopment of prefrontal-amygdala connections may have resulted in less regulation of amygdala activity, hence requiring adolescents to expend greater effort to encode the recalled stimuli (Casey et al., 2000 (Casey et al., , 2005 Luna et al., 2004) , although this is unlikely given that the findings were specific to the positive stimuli rather than generalized to encoding of both positive and recalled negative stimuli.
The finding of enhanced right amygdala activity during encoding of positive stimuli in adolescents has developmental and clinical implications. Enhanced neural activity during the encoding and recall of emotional stimuli can enhance survival by promoting defensive strategies and reproductive success (Adolphs and Damasio, 2000) . A positive encoding bias may be evolutionarily necessary for adolescents to achieve developmental goals, notably autonomy and individuation. The downside, however, is that this bias may lead to adverse outcomes such as drug and alcohol abuse (Chambers et al., 2003; Koob and Le Moal, 1997; Reyna and Farley, 2006; Spear, 2000; Steinberg, 2008) . Encoding processes within the amygdala are modulated by interconnected regions other than the hippocampus, including the ventral striatum, a key dopaminergic structure that is integral to reward processing (Camara et al., 2009; Cardinal et al., 2002; Everitt et al., 1999; Groenewegen et al., 1999; Voorn et al., 1986) . The dopaminergic system undergoes significant changes during adolescence (Ernst et al., 2005a; Galvan et al., 2006; May et al., 2004 ) that may facilitate enhanced neural activity during encoding of positive stimuli and contribute to increased reward seeking and risk taking behavior (Bjork et al., 2004; Chambers et al., 2003; Ernst et al., 2005b) . Further research is needed to understand the interrelationships amongst encoding processes, behavioral outcomes, and amygdala-based circuitry activity in this age group.
Our findings were restricted to the right amygdala only. Currently, there are no established models positing dynamic shifts in left and right amygdala functions across development. Several meta-analytic reviews of adult emotion processing with a wide range of methodologies indicate that the left amygdala more frequently activates than the right amygdala, particularly to negative stimuli (Baas et al., 2004; Fusar-Poli et al., 2009; Wager et al., 2003) . Other studies have examined whether laterality differences are reflected by the types of emotional stimuli, e.g., unconscious versus conscious, innate versus conditioned, novel versus familiar stimuli, and learned versus experiential fear (see review by Zald, 2003) . These data regarding laterality of amygdala functions remain inconclusive, however. From a developmental perspective, it is possible that brain changes during adolescence result in differential programming, such that the right amygdala preferentially subserves encoding of positive stimuli. The current methods can be used to examine the timing of lateralization during development and whether gender by laterality interactions are present in adolescents as they are in adults.
There were no group differences in neural activity during successful encoding of the negative pictures, suggesting that adolescents exhibit mature levels of processing for the negative stimuli whereas neural differences only exist for the positive stimuli. Alternatively, our 90 s recall time limit may have possibly constrained further recall of negative pictures, thereby increasing power to detect group differences. Some evidence from emotion processing studies suggests that adolescents display heightened amygdala responses to fearful stimuli compared to adults and that these responses may be lateralized to the right amygdala (Guyer et al., 2008; Killgore and Yurgelun-Todd, 2004; McClure et al., 2004; Monk et al., 2003) . Further studies of emotional memory in adolescents are needed to understand these inconsistencies.
Another point to note is that the current study as well as prior studies of emotion processing included adolescents with a wide age range, i.e., 12-17 years. Physical, cognitive and neural development across adolescence varies considerably. For example, early adolescence is characterized by pubertal changes and poor affective regulation, whereas late adolescence is associated with maturation of the frontal lobes and regulatory competence (Steinberg, 2005) . Grouping these different stages of adolescence may therefore contribute to the heterogeneity of findings across emotion processing studies and emphasizes the need for examining age group interactions between behavior, affective and neural processes within this period.
In adults, enhanced amygdala activity during encoding predicts memory for both positive and negative stimuli Canli et al., 1999 Canli et al., , 2000 Canli et al., , 2002b Hamann, 2001; Hamann et al., 1999; Tabert et al., 2001) . Although these studies vary widely in their stimuli and retrieval methods, the majority correlated encoding activity with long term memory, assessed several weeks after scanning. Moreover, the most consistent evidence implicating the amygdala in emotional memory emerges for highly aversive stimuli (e.g., Cahill et al., 1996; Canli et al., 2002a) . In terms of positive pictures, erotic images are known to elicit the greatest arousal in adult studies (Bradley and Lang, 2007; Lang et al., 1997; Ribeiro et al., 2007) . We considered using such stimuli in our study, but the Institutional Review Board (IRB) review indicated that these stimuli were not suitable for use with minors. The stimuli selected for our study were therefore clearly less arousing than in these prior studies of emotional memory in adults. As a result, our data provide evidence for right amygdala involvement in encoding relatively mild emotional stimuli after a shorter delay of 20-40 min. When combined with prior data in adults for more arousing stimuli, our findings suggest that the threshold for engaging an amygdala-based memory system is lower in adolescents than adults.
Consistent with prior literature, our recall data revealed a memory bias for emotional compared to neutral stimuli (Bradley et al., 1992; Christianson and Fallman, 1990; Heuer and Reisberg, 1990; Kleinsmith and Kaplan, 1963; . Adolescents, however, did not exhibit superior memory for positive pictures despite enhanced brain activity during successful encoding. Nelson et al. (2003) also found no age group differences in emotional memory performance. The absence of an emotion-enhancing effect on memory performance in adolescents may relate to age group differences in storage and retrieval processes, which are each mediated by a distinctly different set of brain circuits from those involved in encoding (Gabrieli et al., 1997; Kavcic et al., 2003; Sowell et al., 2001) . Retrieval processes may be underdeveloped in adolescents, leading to lower than expected memory performance (Ofen et al., 2007) . Also, the use of the recall method may have resulted in a smaller number of stimuli recalled in each group, making it harder to appreciate group differences in recall that may exist. Finally, enhanced neural activity for the positive stimuli in adolescents may result from arousal-mediated memory consolidation mechanisms that occur over time, beyond the short delay period in this study (Kleinsmith and Kaplan, 1963; McGaugh, 1992) .
Emotional memory as well as amygdala-hippocampal dysfunction are present in various adult psychiatric disorders such as depression (Drevets et al., 2008; Fu et al., 2004; Sheline et al., 2001) , bipolar disorder (Drevets et al., 2008; Kauer-Sant'Anna et al., 2008) , substance abuse (Robbins et al., 2008) , PTSD (Bremner, 2007) and schizophrenia (Kosaka et al., 2002; Phillips et al., 1999; Weniger et al., 2006; Exner et al., 2004) . Abnormal encoding processes are also present in adolescent psychiatric disorders (Roberson-Nay et al., 2006; Dickstein et al., 2007) . These data indicate that relationships between emotional memory and brain function in adolescents merit further investigation.
There are several limitations of our study. The small sample size and number of replicates for each contrast was small, thereby increasing the chance of type II errors, particularly in the adult group. While more power may have enabled us to detect additional group differences, it is important to note that our findings revealing an effect of age group on activation for positive recalled versus positive not recalled stimuli emerged despite relatively limited power. Moreover, this difference was not driven by group differences in the number of recalled items. The relatively low number of trials should therefore not call into question the validity of the group differences that were detected. Second, we have no proof that the recalled positive pictures elicited relatively greater arousal in adolescents relative to adults. Using physiological measures in future studies will help establish links between arousal and amygdala activity. Additionally, we could not precisely determine whether encoding was condition-specific or the result of repeated viewings because each picture was presented four times. We attempted to correlate subjective arousal with amygdala activity but these results are very preliminary. In future studies, it will be important for investigators to capture encoding more directly, as well as examine brain behavior relationships amongst subjective arousal, memory performance, and brain activity in response to evocative pictures. Next, transient mood effects experienced during scanning or recall could have influenced encoding processes and therefore it will be necessary in subsequent research to include a mood assessment prior to scanning and recall. Third, the not recalled stimuli could have been encoded and therefore future studies should consider including a recognition memory test. Fourth, the stimuli used in our study of adolescents and young adults were based on IAPS ratings in children (ages 7-14 years, McManis et al., 2001 ) and therefore do not account for potential age-related shifts in the perception of the emotional stimuli. This issue of applying emotional ratings from one age group to another is an ongoing issue in developmental studies of emotional processing and can be addressed in future studies by obtaining emotional ratings of the stimuli or considering the use of different stimulus sets for each age group.
Another limitation is that the picture and fixation trials were randomized in order to disentangle the HRFs for each trial during encoding. This design has the advantage of reducing the overall time of the imaging task, which was necessary in the current study to increase tolerability of these procedures among youth. However, the design does not easily generate data on the HRF within a trial, which can be more easily estimated using alternative designs that generate longer tasks. The relatively short task duration also reduced the number of events that could be included in the analysis. Both of these design features reduce power. As a result, any negative findings in the current study, such as the relative dearth of activation in the adult sub-sample, should be interpreted cautiously; more powerful methods may further increase our ability to detect between-group differences in future studies. Nevertheless, the key finding in the current study concerned the between-group differences in activation that were detected. Neither design limitation can account for this significant, positive finding, as both of these limitations would have the effect of reducing our ability to detect differences. Finally, we were unable to examine whether the amygdala has a role in the encoding of non-emotional stimuli because too few neutral stimuli were recalled.
In summary, this study found enhanced right amygdala activity during encoding of positive stimuli between adolescents and adults. This finding has significant implications for understanding the etiology of adolescent behaviors, such as novelty seeking and risk taking behavior, as well as specific types of psychiatric disorders that emerge during this developmental period. Our results, however, are preliminary given the small size. Therefore, replication with larger sample sizes, as well as different tasks and stimuli, is needed before drawing firm conclusions regarding the nature of adolescent encoding processes.
Appendix A. IAPS picture numbers presented in the behavioral task. Positive: 1463 , 1610 , 1710 , 1722 , 1750 , 1920 , 2070 , 2216 , 2260 , 2310 , 2345 , 2360 , 2791 , 5480, 5621, 5910, 7330, 7390, 7400, 7410, 7502, 8021, 8031, 8162, 8420, 8461, 8490, 8496, 8501, 8502, 8510, 8531, 8540. Negative: 1050 , 1052 , 1111 , 1120 , 1201 , 1220 , 1300 , 1302 , 1321 , 1930 , 1931 , 2722 , 2800 
